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The urgent need for clean energy coupled with the exceptional promise of hydrogen (H) as a clean fuel is
driving development of new metals resistant to hydrogen embrittlement. Experiments on new fcc high
entropy alloys present a paradox: these alloys absorb more H than Ni or SS304 (austenitic 304 stainless
steel) while being more resistant to embrittlement. Here, a new theory of embrittlement in fcc metals is
presented based on the role of H in driving an intrinsic ductile-to-brittle transition at a crack tip. The theory
quantitatively predicts the H concentration at which a transition to embrittlement occurs in good agreement
with experiments for SS304, SS316L, CoCrNi, CoNiV, CoCrFeNi, and CoCrFeMnNi. The theory
rationalizes why CoNiV is the alloy most resistant to embrittlement and why SS316L is more resistant than
the high entropy alloys CoCrFeNi and CoCrFeMnNi, which opens a path for the computationally guided

discovery of new embrittlement-resistant alloys.
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Hydrogen embrittlement (HE) in metals has long been a
persistent problem [1], causing loss of toughness and
ductility and restricting applications. As hydrogen emerges
as the best renewable fuel, the need to understand the
mechanisms of HE and to develop new structural alloys
resistant to this dangerous degradation process are of high
importance. Unfortunately, there remains widespread con-
troversy about the physical mechanisms of HE [2—4], and no
theory quantitatively predicts embrittlement or its depend-
ence on alloying. This is inhibiting the discovery of new HE-
resistant alloys. However, recent reports show that high
entropy alloys (HEAs) in the Co-Cr-Fe-Mn-Ni-V family are
more resistant to HE than Ni and SS304 (austenitic 304
stainless steel) even while absorbing similar or greater
amounts of H under the same charging conditions [5-9].
HEAs are essentially random crystalline alloys consisting of
multiple components, all at nondilute concentrations. They
can have impressive yield strengths, ductility, and/or fracture
toughness [10]. With the recent findings, HEAs thus hold
promise for applications in H environments. However, since
the origins of HE are largely unknown and embrittlement
unpredictable, new principles are needed to design better
alloys. Here, we present a theory of embrittlement in fcc
metals and alloys that predicts the onset of HE as a function
of H concentration across all the HEAs studied to date plus
the well-studied 304 and 316L stainless steels (SS304:
Fe,4Ni;Cr9; SS316L: Fes(Nij,Crig). The theory will en-
able computationally guided searches for new alloys with
even better HE resistance.

Our model for understanding embrittlement begins with
the idea that H-free metals are ductile because they are
intrinsically ductile: a sharp crack tip will emit dislocations
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and blunt rather than propagate by cleavage. Crack-tip
blunting enables higher loads, further emission, further
blunting, and eventually failure by nucleation, growth, and
coalescence of voids ahead of the blunted crack [11], with
high energy dissipation and high fracture toughness. In the
presence of sufficient H, dislocation emission and blunting
are prevented and a sharp crack propagates in a brittle
cleavage mode. Dislocation plasticity is still present around
the crack tip, and crack-tip and dislocation interactions can
still generate plasticity [12], but the absence of blunting
limits the energy dissipation to levels far lower than that
achieved in the ductile failure mode. This transition to
cleavage is revealed experimentally in microbeam fracture
experiments where cracks that blunt in the absence of H
remain very sharp in the presence of H even though
dislocation plasticity remains around the sharp crack [13].

Quantitatively, this embrittlement transition is deter-
mined by two critical stress intensities at the crack tip:
K. for brittle cleavage and K. for dislocation emission.
Note that these are not the much larger macroscopic
applied values due to (nonblunting) plasticity around the
crack. Cleavage is controlled by the fracture free energy y*
with Kj. = \/a(C)y" [14] with a(C) an anisotropic elastic
coefficient. Dislocation emission is controlled mainly
by the unstable stacking fault energy y"' for slip [15]
with K. = v/B(C)y"' with B(C) another anisotropic
elastic coefficient; corrections due to step energy [16]
are small for relevant H concentrations. Metals are nor-
mally intrinsically ductile because Kj, < Ki.. The intro-
duction of H, and its diffusion and aggregation at a sharp
crack as driven by the crack-tip stresses, decreases y/ and
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FIG. 1. Mechanism of HE in complex alloys. (a) Schematic of

embrittlement process at the crack tip (small spheres: “columns”
of H atoms with colors indicating the projected H concentration).
Embrittlement occurs because H in sites 4 and 7 “nano” diffuses
to the newly created crack surface, increasing the surface H
concentration and decreasing the fracture energy, while H in sites
10 and 11 blocks dislocation emission. (b) Schematic of the crack
tip H concentrations Ceaye and Cepi; that control embrittlement
as a function of K;* (computed for SS304 at bulk H concen-
tration C;, = 2600 at.ppm , T = 300 K). (c) Predicted embrittle-
ment (in SS304, T = 300 K) due to nanodiffusion and blocking
of dislocation emission: K™ (black) reaches Kj. (red) prior to
reaching Kj. (blue). (d),(e) Embrittlement is not predicted in the
absence of blocking emission or in the absence of nanodiffusion
[in both cases, K;™ (black) reaches K| (blue) prior to reaching
Ky (red)].

K. and increases y*! and K. At a critical H concentration,
Kj. < Ki. and a transition to brittle behavior occurs.

The detailed embrittlement processes are shown in
Fig. 1(a). H in the bulk lattice at concentration C,, diffuses
to the crack-tip region due to the energetic driving force
—pAV, where p is the pressure field around the sharp crack
at the applied stress intensity factor K} and AV is the
misfit volume of interstitial H in the lattice. As K;™
increases, the H concentrations c¢; at the various columns
i of interstitial sites around the crack tip increase. Cleavage
becomes easier due to a reduction in fracture energy that is
crucially facilitated by one-atomic-hop H nanodiffusion
from the subsurface layers to the new fracture surface
[Fig. 1(a) [17]]. The crack-tip H concentration controlling
cleavage is Cejeave = § 97— C;» Which, after nanodiffusion,
leads to two final fracture surfaces with concentrations Cy
of one half the concentration on the precracked crack plane

plus one half the concentration on each subsurface layer,
Cs :%(% ?:1 Ci) + (% ?:4 Ci) up to Celeave :% and Cs=1
thereafter. H atoms remain in sites further away [sites
10-12 in Fig. 1(a)] at concentration Cemix = 3> 1210 Ci»
increasing y**' and K|, to inhibit dislocation emission (see
Fig. S5 in the Supplemental Material [18]) [39,40].

At bulk H concentration Cj, increasing K;'" increases
both Cgeave and Cepye [Fig. 1(b)]. Embrittlement is pre-
dicted if K™ reaches K prior to reaching Ki,. This is best
shown by presenting K, K., and K™ itself versus K. If
the line for Kj™ first intersects Kj., the metal is not
embrittled and if it first intersects K., the alloy is embrittled
[Fig. 1(c)]. Both inhibition of emission and enhancement of
cleavage via nanodiffusion are necessary; embrittlement
is not obtained if either process is neglected [Figs. 1(d)
and 1(e)]. Embrittlement initiates crack growth, which
proceeds slowly as H diffuses to the crack and, ultimately,
dynamically [41]. Here, we establish conditions for starting
crack growth under the accepted assumption that H trans-
port kinetics at room temperature is fast enough to achieve
equilibrium at the crack tip [42,43].

Prediction of embrittlement in an alloy requires the bulk
concentration C,, the distribution of H absorption energies
in the bulk interstitial sites, the H concentrations Ce,ye and
Cemic at the crack tip as a function of K", the fracture free
energy y' as a function of Cyeue» and the unstable stacking
fault energy y*' as a function of C,p;. The H absorption
energies E,, in a complex alloy depend on the local atomic
environments and so are statistically distributed and
well-described by a Gaussian density of states n(Ey,) =
(1/0y/7) exp {=[(Ey — E)/0)?*} with mean E and standard
deviation o [Fig. 2(a)]. Migration of H to the crack tip is
driven by the applied stress intensity K;**, which shifts the
H absorption energy at interstitial column i at position
(r;, 0;) relative to the crack tip from E,, to Ey — p;AV,
where p;(r;,0;) = [2(1 +v)K;**/3\/2zr]]) cos(6;/2) is the
pressure at column i. The H concentration ¢; in column i
is then

+
c;, = / ® n(Eab)dEab ’ (1)
- |+ exp (Eab_piAl{¥+EZP_ﬂ)

where Ezp is the H zero-point energy, k is Boltzmann’s
constant, T is temperature, and y the H chemical potential.
The critical quantities Cyjeave and Cep;e are then computed
from the c¢;. The bulk concentration C, can be obtained by
setting p; = 0, but here we use the experimentally mea-
sured H concentrations szm and embrittlement will depend

only on ¢ and not E. A single misfit volume AV = 2.8 A3
is used for all alloys (see Sec. 3 in the Supplemental
Material).

The fracture free energy y© =yf + 5 includes the
creation of a new surface and changes in both energy
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FIG. 2. (a)Alloy elastic constants, anisotropic elastic coefficients,

and mean E and standard deviation ¢ of the bulk H absorption
energy distribution. (b) y* at surface coverage Cg = 0%, 50%,
100% on the (111) surface for C,, = 5800 at. ppm. (c) y** at fault
coverage Cyy = 0%, 50%, 100% on the (111) slip plane on an
area of 108 A?; the mean values 7" and standard deviations ¢2F"
are shown.

and entropy upon moving H atoms from the bulk to
the surface [17]. The energetic contribution y* is
calculated for the thermodynamic occupation of the surface
sites at surface concentrations Cg = 0%, 50%, 100%.
The entropic contribution is y5 = (kT/Ay)[~CgsInC, +
(I =Cs)In(1 = Cs) + CsInCg|, where A is the area per
(111) surface site. ¥ is dominated by the bulk H concen-
tration C, < 1 because the crack-tip concentration is
Cg~ 1. yI' is converted into Kj. using experimental or
discrete Fourier transform (DFT) elastic constants (see
Table S1 in the Supplemental Material). The fracture
free energies for all alloys are shown in Fig. 2(a) at
C;, = 5800 at. ppm. Trends are similar, but SS304 shows
the largest decrease and CoNiV and CoCrFeMnNi the
smallest decreases. CoCrFeMnNi is not the most HE-
resistant alloy, however, because fracture free energy is
not the only factor.

The DFT-computed unstable stacking fault energy y**' at
coverages C.g = 0%, 50%, 100% on the (111) slip plane

for all alloys is shown in Fig. 2(b). y* increases significantly
with H concentration—even modest H aggregation deters
crack-tip dislocation emission. Values of y* at 0% are quite
similar except for CoNiV, which is much lower and will
emerge as the most HE-resistant alloy. The rate of increase
with H is highest for SS304, indicating a greater tendency
toward embrittlement, and lowest for CoNiV, again indicating
HE resistance. Dislocation nucleation is a local instability that
can be triggered by local ¥ fluctuations over the typical area
A of the transition state dislocation loop. Local fluctuations
that increase y**f and K, deter emission, and so emission will
occur elsewhere in local regions at or below the mean; the
mean K, is thus an upper limit for emission. Local fluctua-
tions that decrease y* and K, locally can enable dislocation
nucleation at loads below the mean value of K7.. We estimate
a lower limit for emission as K, calculated at 7 — 5, over
an estimated loop area of A = ~50 A? with Oust =

o1, /108/50 (see Sec. 5 in the Supplemental Material).

We now make predictions of embrittlement and compare
them to experiments for all alloys across the experimental
concentrations CZXP " that span the embrittlement transition.
Predictions for all literature experiments at higher (embrit-
tled) and lower (not embrittled) C; are shown in Figs. S7
and S8 in the Supplemental Material. Recalling Fig. 1(c),
embrittlement is predicted if K;™ first intersects K.
Figure 3 shows the predictions K;. and Kj.,, and the
embrittlement condition K;** = K. or Ki*" = K| is indi-
cated by the black dot.

SS304 is the most easily embrittled among all the alloys
shown in Fig. 3, as observed in many experiments
for C;*" > 1900 at. ppm and not observed for C;™ <
1200 at. ppm [44-48]. Our predictions agree well with
experiments, and we highlight the relatively sharp nature of
the transition versus C,, as seen experimentally, which is a
natural feature of the theory. The relative ease of embrit-
tlement in SS304 is a combination of its relatively large
decrease in y” [Fig. 2(b)] and relatively large increase in
y*t with increasing C, [Fig. 2(c)]. However, in the same
$S304 embrittled at C5™" = 4000 at. ppm at T = 300 K,
Caskey [44,45] reported no embrittlement at T = 400 K.
Changing only the temperature, our theory predicts this
shift to no embrittlement at 400 K (Fig. 3). Embrittlement is
suppressed at higher T due to the need for larger driving
forces to aggregate H at the crack tip and the increased
entropic cost in the fracture free energy.

The SS316L alloy is far more resistant to embrittlement
(Fig. 3) [6,49,50]. Many experiments show no embrittle-
ment up to the highest bulk concentration Cj™ =
7400 at. ppm [49] studied, and the theory predicts no
embrittlement up to this concentration. Inconsistent with
all other experiments and thus in question, Zhao et al
report embrittlement at C;™ = 2200 at. ppm (see Fig. S7
in the Supplemental Material) [8]. Embrittlement in
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FIG. 3. Embrittlement predictions for fcc alloys. Critical stress intensities Ky, K. (upper, lower limits) as a function of K;*" for all

expt

alloys studied, as predicted using the experimentally reported bulk H concentration C,™". Theory predictions are determined by the
black dot—embrittled if K;*" = K, first, not embrittled if K;*" = K|, first—and uncertain (three dots shown) if the intersection of
K7 = K| lies in between the upper and lower K|.. Experimental observations of embrittlement are stated, and cases where theory and

experiment agree are highlighted by shading of the legend.

SS316L is difficult because of the broad distribution of H
energies in the bulk such that H is trapped in lower energy
sites and thus higher loads are required to drive H to the
crack tip.

The HEA CoCrFeMnNi is slightly more susceptible to
embrittlement than SS316L (Fig. 3). Nygren et al. [5],
Koyama et al. [51], and Ichii ez al. [52] all report embrittlement
in the range C;™ = 65008300 at. ppm. Embrittlement is
predicted at 8300 at. ppm, while at the two slightly lower
concentrations embrittlement is predicted using the upper limit
of Kj. but not the lower limit. Experiments at all lower
concentrations (C5™ < 3700 at. ppm) are all observed and
predicted to be not embrittled [8,53]. The theory thus captures
embrittlement in CoCrFeMnNi well.

For the HEA CoCrFeNi, only two experiments exist

in a narrow range C;*" = 3100-3300 at. ppm and report

different results, making experiments uncertain in this
range (Fig. 3). Specifically, Nygren et al. [54] and
Koyama et al. [55] both reported no reduction of failure

strain, which is the main hallmark of embrittlement, but

they also report some cleavage fracture surface morphol-
ogy. These observations suggest that the experiments are

around the embrittlement threshold. This is consistent with

theory, which predicts no embrittlement at the lower limit
of K, but embrittlement at the upper limit of Kj.. We note
that Koyama also reports no embrittlement at 3600 at. ppm
in an alloy with much smaller grain size (2 ym vs 170 pm)
[55] (see Fig. S8 in the Supplemental Material). This
further suggests that these concentrations are around the
transition regime such that embrittlement can depend on
additional features such as grain size. Further experiments
are needed, but we predict an unambiguous transition to

embrittlement at C5™™' ~ 5000 at. ppm.
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FIG. 4. Predicted embrittled (red) and unembrittled (blue)
domains of H concentration for six alloys and Ni along with
experimental findings. The transition region corresponding to the
upper and lower limits of Ky, is indicated by the thick black lines.

A new experiment on CoCrNi reports embrittlement at
CS™' = 3400 at. ppm [56], which agrees very well with our
prediction at this concentration. In our prediction, the
unambiguous threshold for embrittlement is at Cp™ =
3100 at. ppm via the lower limit of Kj.. Earlier electro-
chemically charged CoCrNi at C;™ = 3000 at. ppm
reported an embrittled surface layer and ductile interior
[57], indicating an inhomogeneous H distribution for which
the theory is not applicable.

One experiment on electrochemically charged CoNiV at

the higher concentration C;"*" = 4400 at. ppm shows no
embrittlement (Fig. 3), with very high ductility and ultimate
strength [58]. We predict CoNiV to clearly be in the ductile
regime, consistent with experiments, so that any possible H
inhomogeneity would not be important. CoNiV is the most
difficult alloy to embrittle because the reduction in surface
energy with H is the lowest, while the y* is smallest and
increases most slowly with H.

Figure 4 summarizes all the experiments and theory
predictions for all six alloys and Ni [59], ordered from
most to least embrittled, showing the broad success of
the theory in capturing the embrittlement transition
concentration. The HEAs CoCrFeMnNi and CoCrFeNi
are not fundamentally the most resistant to HE; SS316L
is more resistant than both. The new CoNiV alloy is,
however, even more resistant, with theory predicting
embrittlement only beyond C, ~ 10000 at. ppm. In gen-
eral, the HEAs do not have unique embrittlement
resistance simply due to compositional complexity.
Embrittlement is far more subtle, depending on the
effects of H on several different material properties.
Note that physics dictates that embrittlement is deter-
mined by C,, but experimental samples are often charged
at an imposed chemical potential y, and so different
alloys charged at the same u will have different H
concentrations. This can shift the apparent embrittle-
ment trends as compared to those based on the actual C,,
in the alloy (see Sec. 7 in the Supplemental Material).
The theory also suggests that the roles of H on influ-
encing surrounding plasticity, twinning, H trapping at

other defects, etc. are secondary phenomena; they may
influence macroscopic toughness, change dislocation
and deformation behaviors, and/or modulate the internal
H concentration in the lattice, but they are not directly
connected to the embrittlement process.

The theory enables a multistage approach to the com-
putationally guided search and design of embrittlement
resistant steels and HEAs (see Sec. 8 in the Supplemental
Material). The present theory combined with the predictive
theory for alloy yield strength [60] can further identify
new steels alloys and HEAs that satisfy application
requirements for strength and resistance to hydrogen
embrittlement.
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